We present the ab-initio calculations for the lattice distortion effect of substitutional single impurities, I (= Sc ³ Ge, Sn), and substitutional two impurities, II and ISn, in bcc-Fe. Sn is a perturbed-angular-correlation (PAC) probe. The calculations are based on the generalizedgradient-approximation in the density-functional formalism and the full-potential Korringa-Kohn-Rostoker (FPKKR) Green's function method. For single impurities, we show that the available experimental results, such as lattice distortion around the impurities and the atomic volume changes per impurity, are reproduced very well by the present calculations. For two impurities, we clarify the lattice distortion effect on 1st-nearest neighbor (NN) interaction energies of II and ISn pairs in Fe, being a difference between the distortion energies with two impurities located on the infinitely separated sites and on the neighboring sites. We initially show that the lattice distortion effect is very low for the interaction energies between two impurities with a small size-misfit, compared with the host atom, although it becomes high for the interaction energies of two impurities with a large size-misfit. The lattice distortion effect on the II (I = Cr ³ Zn) interaction energies is less than 0.02 eV, while the lattice distortion effect on the ISn (I = Sc, Ge) interaction energies is greater than 0.2 eV. Secondly, we show that we can improve the agreement with the experimental results for the interaction energies of ISn pairs in bcc-Fe, by taking into account the lattice distortion. Finally, we show that the magnetic interaction is important for the lattice distortion of the ISn (I = Cr, Mn) pairs. The high lattice distortion for ISn pairs (I = Cr, Mn) is partly caused by the antiferromagnetic interaction of impurities I with the 1st-NN host atom on the opposite site of the Sn impurity, resulting in the high energy gain (0.13 eV, 0.06 eV) of ISn interaction.
Introduction
Knowledge of the interaction energies of point defects in solids is indispensable for understanding many of the basic physical processes, such as diffusion, short-range order, and segregation. 1, 2) Most interesting, from a technological point of view as well as fundamental point of view, are the interatomic interaction energies in alloys, which are essential for understanding the phase diagrams. 3, 4) It is now well known that ab-initio calculations based on the density-functional theory provide accurate data of the bulk properties of materials as well as defect properties. 57) Thus, ab-initio calculations are expected to play an important role in material design.
We have shown that the full-potential KorringaKohn Rostoker (FPKKR) Green's function method for bulk properties and point defects, developed by the Jülich group, combined with the generalized-gradient approximation, accurately reproduces the point-defect energies as well as the bulk properties of metals. 813) For example, the equilibrium lattice parameters, bulk moduli, and mono vacancy formation energies of elemental face-centered-cubic (fcc) and body-centered-cubic (bcc) metals, Li ³ Au, are reproduced within the errors of 1, 10, and 10% of the experimental values, respectively. 8) We showed that the experimental values 14) for the interaction energies of impurities with the perturbed-angular-correlation (PAC) probes (Rh, Pd, In, Sn, Sb) in metals are fairly well reproduced even by the present calculations neglecting the lattice distortion caused by the introduction of impurities. 15, 16) It is noted that the PAC spectroscopy has the ability to deal with very low probe-atom concentrations (³10 ¹8 ) without restriction for the temperature. The interaction energies of the probe-impurity pairs are determined from the temperature-dependent measurement of the probe-impurity pair concentrations. We also showed that the experimentally known fundamental features in the phase diagrams of the 4d binary alloys H 1¹c I c (H = Nb, Mo, Pd, Ag (major element); I = Zr ³ Ag (minor element)), such as segregation, solid solution and order, 17) may be understood using the sign and magnitude of the 1st-nearest neighbor (NN) impurity-impurity (II) interaction energies in the H metals. 9, 10) It is noted that the II interaction energies correspond to the 2-body interaction energies in the ab-initio real-space cluster expansion approach for the total energies of the ordered and disordered alloys. 18, 19) We have recently shown that our ab-initio cluster expansion approach may be quantitatively useful for the study of the atomic structures and magnetism of alloys because the total energies of alloys may be very accurately reproduced by including only loworder terms, such as the 2-body and 3-body interaction energies, although the 2-body interaction is very long-range. For example, the band energy of Ni 2 MnAl is reproduced within the error of 1 mRy per atom by our real-space cluster expansion, if the 2-body interaction up to 10th-NN's is included. 20) In the preceding paper, 21) we have shown that the fundamental features of the Fe-based binary alloys FeI (I = Sc ³ Ge) are understood in the same way. Using the calculations neglecting the lattice distortion caused by the introduction of impurities, we also well reproduced the experimental results for the interaction energies of impurities with the Sn PAC-probe in Fe. It is obvious, however, that the lattice distortion effect becomes important for the interaction energies between two impurities with a large size-misfit, compared with the host atom. It is noted that the distortion effect on the interaction energies is a distortion-energy difference between two (initial and final) states of two impurities, as discussed in Sect. 2.
We can presently carry out the calculations including the lattice distortion effect around the point defects in crystals, however, the calculations for the lattice distortion effect are very time-consuming and cumbersome. Papanikolaou et al. already calculated the lattice distortion energies of substitutional single impurities (Ti ³ Ge and Zr ³ Sn) in Cu and showed how the lattice distortion energies becomes high for single impurities with a large size-misfit compared to the host atom. 22) We also calculated the lattice distortion energies of a vacancy in Al and Cu. 23) Very recently, using the formalism given by the Kanzaki model, 1, 2) we have very accurately reproduced the experimental results for the relative atomic volume changes per impurity (Sc ³ Ge) in Fe. 24, 25) The available experimental results for the interatomic distances between impurities and the 1st-NN's in Fe, obtained by the X-ray absorption fine-structure, 26) are also reproduced very well. It is noted that the formalism given by the Kanzaki model is very suitable for the present work, because all the parameters in the Kanzaki model, such as the Hellmann Feynman forces and lattice distortion, caused by impurities in Fe, are estimated accurately by the present ab-initio calculations. 24) The purpose of the present paper is to systematically and quantitatively study the lattice distortion effect of substitutional single and two impurities in bcc-Fe. In Sect. 2, we describe the calculation method. In Sect. 3, we show the calculated results for the lattice distortion of single impurities I (= Sc ³ Ge) in bcc-Fe. We also discuss the lattice distortion effect of magnetism of single impurities in bcc-Fe. Although the preliminary results for single impurities in bcc-Fe have been discussed in Ref. 24 ), the present paper gives a complete discussion for single impurities. In Sect. 4, we show the calculated results for the lattice distortion effect on the interaction energies and magnetism of II pairs in Fe. In Sect. 5, we show the calculated results for the lattice distortion effect on the interaction energies and magnetism of ISn (Sn = PAC-probe) pairs in bcc-Fe. In Sect. 6 we summarize the main results of the present paper.
We concentrated our study on the lattice distortion effect on the interaction energies of 1st-NN II and ISn pairs in Fe because the lattice distortion effect seems to be mostly important for the 1st-NN interaction energies between two large impurities, as shown in the present paper.
Calculation Method
If a defect is inserted in a metal, the HellmannFeynman (HF) forces are induced on the host atoms around the defects. The equilibrium positions of the neighboring host atoms are determined by the zero-force condition. In the present study, in order to calculate the HF forces as well as the total energies, we use the full-potential KorringaKohnRostoker Green's function method and the generalized-gradient approximation in the density functional formalism. 8, 9, 11) The advantage of the Green function method is that due to the introduction of the host Green's function, the embedding of point defects in an otherwise ideal crystal is correctly described, different from the supercell and cluster calculations. It is noted that the deformation of the wave functions due to the defects is delocalized over the whole space, although the potential perturbation due to the defects is localized in the vicinity of the defects because of the screening effect of the free-electron-like sp-electrons in a metal. The practical advantage in using the Green's function method is to exploit this short-range nature of the defect potential. For example, we found that, in order to obtain the accurate and converged total energy of the defect system without the lattice distortion effect, it is sufficient to selfconsistently redetermine only the potentials of the impurities and their neighboring potentials (up to the1st (2nd)-nearest neighbors (NN's) of the impurities in the case of fcc (bcc) structure), if the total-energy change due to the perturbed wave functions over the infinite space is correctly evaluated using Lloyd's formula. The short-range nature of the defect potential has been discussed in Ref. 8) .
The nth-NN interaction energy between the two impurities is defined as the total-energy difference between two states: (1) the final state where the two impurity atoms are located at nth-NN sites and (2) the initial state where the impurity atoms are infinitely-separated. Thus, in order to obtain the interaction energies, we must calculate the total energies of both the states. The calculation procedure for the 1st-and 2nd-NN interaction energies between two impurities in Fe, without the lattice distortion effect, are described in Ref. 21 ). For example, the potentials in the 22-atom cluster were redetermined self-consistently for the 1st-NN interaction energies.
On the other hand, the treatment of the lattice distortion is slightly cumbersome. The lattice distortion energy is defined as the total-energy change caused by the lattice distortion. We must self-consistently redetermine the potentials in the larger region because the potentials of the host atoms surrounding the displaced host atoms may be strongly perturbed. Since in the present studies we take into account the lattice distortion effect on the interaction energies of the 1st-NN II and ISn impurity pairs (I = Sc ³ Ge) in bcc-Fe, we self-consistently redetermine the potentials in the 84-atom cluster, as shown in Fig. 1(a) , which includes all the host atoms up to the 2nd-NN's of the displaced host atoms around the two impurities. It is noted that the distortion effect on the interaction energy is defined as the distortion-energy difference between two (initial and final) states of two impurities, as discussed above.
In order to determine the lattice distortion up to the 2nd-NN's around single impurities, we redetermine the potentials in the 65-atom cluster, being a part of the 84-atom cluster and shown in Fig. 1(b) , which includes all the host atoms up to the 2nd-NN's of the 2nd-NN's around the impurities. The 65-atom cluster includes all the atoms up to the 6th-shell of the impurity at the center.
The maximum angular momentum for the Green's function, the muffin tin radius for all the atoms considered here, and the number of k-point in the irreducible Brillouin zone are, respectively, 4, 2.0 a.u., and 1205. According to our experiences, these results are sufficient to obtain reliable total energies. 8, 22) 
Calculated Results for Lattice Distortion of Single
Impurities (Sc ³ Ge) in Fe
We systematically discuss the lattice distortion caused by single impurities (Sc ³ Ge) in bcc-Fe. In Sect. 3.1, we show the calculated results for the HF forces on the host atoms surrounding single impurities and discuss the distance dependence of the HF forces. In Sect. 3.2, we determine the lattice distortion up to the 2nd-shell of single impurities and show that the lattice distortion of the 1st-NN host atoms is dominant. In Sect. 3.3, using the formalism of the Kanzaki model, 1, 22, 24) we reproduce the available experimental results for the relative atomic volume changes per impurity. All the parameters in the Kanzaki model are determined by the present ab-initio calculations. In Sect. 3.4, we discuss the lattice distortion effect of the magnetism of single impurities in Fe. Figure 2 shows the calculated results for the HF forces on the host atoms at the ideal atomic positions in the vicinity of an impurity up to the 9th-shell (one impurity + 136 host atoms) around single impurities. The positive forces mean the outward relaxation around an impurity, while the negative denotes the inward one. It is noted that the HF forces are dominant on the 1st-NN's and become weaker on the more distant neighbors, although the oscillating behavior due to the screening effect by the 4sp electrons in Fe (transition-metal) is very complicated, differently from the oscillating behavior of impurities in Al (simple metal). 27, 28) Thus, in the present study, we treat only the lattice distortion up to the 2nd-shell around the single impurities. We also find that the HF forces on the 5th-NN ð1; 1; 1Þ, being located on the line of the impurity ð0; 0; 0Þ to the 1st NN ð0:5; 0:5; 0:5Þ, become slight stronger for I = Cr ³ Zn. These may be important for the large expansion caused by a Zn impurity in Fe compared to those caused by Ga and Ge impurities in Fe, as discussed in Sect. 3.3.
Distance dependence of HF forces on the host atoms around impurities in bcc-Fe

Lattice distortion around single impurities in bcc-Fe
We first consider only the lattice distortion of the 1st-NN host atoms, fixing all other atoms at their ideal host positions. Figure 3 shows the lattice distortion energies, the HF forces exerted on the 1st-NN's, the magnetic moments of the impurities, and those of the 1st-NN host atoms as a function of the change of the 1st-NN distance. The lattice distortion energy is defined as the total-energy change caused by the lattice distortion. The positions of the force-zero agree very well with those of the minima in the lattice distortion energies, as seen in Fig. 3 . This result demonstrates the accuracy of the present ab-initio calculations. Our results for the atomic displacements around Cr and Mn are in very good agreement with the available experimental results from extended X-ray absorption fine-structure, 26) as shown by the transverse bars in Fig. 3 (Cr and Mn). The calculated results for the lattice distortion are summarized in Table 1 (a). The calculated results for the magnetic moments in Fig. 3 will be discussed in Sect. 3.4.
We next consider both the lattice distortion of the 1st-and 2nd-NN's. Since the HF forces on the 2nd-NN's are weak, we can easily obtain the force-zero on the 1st-and 2nd-NN's by starting from the atomic positions of force-zero on the 1st-NN's. The calculated results are listed in Table 1 (b). It is obvious that the displacement of the 1st-NN host atoms is dominant and does not change very much by taking into account the relaxation of the 2nd-NN's.
Relative atomic volume changes per impurity in Fe-
based dilute alloys A lattice expansion or compression due to a single impurity results in a change of the lattice constant. In the case of cubic metals, using the harmonic approximation, the atomic volume change due to an impurity is given by the first moment of the Kanzaki forces (
where V and V 0 are the atomic volumes of the impurity system and ideal host, respectively, and K is the bulk modulus of pure bcc-Fe. We use the results of V 0 and K
8)
obtained by the present ab-initio calculation method. The Kanzaki forces
are the forces that would induce the same local distortions, S n 0 , in the host crystal as the direct forces, F n , cause in the defect systems. ÁÈ nn 0 is a difference between the forceconstant matrices ðÈ; È 0 Þ of the systems with and without a defect given by the difference between the slopes of the force curves. In Fig. 4 , we present the calculated relative atomic volume changes, ¦V/V 0 , for all the systems considered in this study. The calculated results agree very well with the available experimental results. It is obvious that the large volume changes for Sc, Ti, Cu, Zn, Ga, and Ge are due to the significant displacement of the 1st-NN host atoms, as shown in Table 1 . We also find that the atomic volume changes are mostly correlated with the equilibrium lattice parameters of metals in the bcc structure, as shown in Fig. 5 , which were obtained by the present ab-initio calculations. However, it is noted that the experimentally known significant expansion caused by a Zn impurity, compared to those caused by Ga and Ge impurities, cannot be understood by the abovementioned simple explanation based on the atomic size effect. It may be understood by comparing the HF forces on the 5th-NN's in eq. (2), caused by the impurity potential. The HF forces on the 5th-NN's are stronger for a Zn impurity than for the Ga and Ge impurities, as seen in Fig. 2 , and the distance from the center, being an important factor in eq. (1), is two times stronger for the 5th-NN's than for the 1st-NN's. Thus, the formalism given by the Kanzaki model is very useful to understand the experimental results for the atomic volume changes caused by single impurities.
Lattice distortion effect of magnetism of single impurities in bcc-Fe
The changes in the magnetic moments of the impurities and their 1st-NN's, due to the lattice distortion of the 1st-NN's, are shown in Fig. 3 (upper panel) . The magnetic moment (2.16 µ B ) of 1st-NN Fe does not change very much by the lattice distortion. For magnetic moments of impurities, they are very different, depending on the impurity. We find that the antiferromagnetic coupling to the bulk magnetization of Fe atoms is stable for the early 3d impurities (Sc ³ Mn), while the ferromagnetic coupling is stable for the late 3d impurities. It is well known that the magnetism of the 3d Table 1 Calculated lattice distortion (in % of interatomic distance), confined only to the 1st-NN host atoms (a), and to the 1st-and 2nd-NN host atoms (b). metallic alloys is understood by considering the 3d electron numbers per atom; the anitiferromagnetism is very stable for the half-filled d bands.
2932) It is also noted that the magnetism of the impurities becomes strong with the lattice expansion, as seen in Fig. 3 (I = Cr, Mn, Fe), because the interaction of the surrounding host atoms with the impurity becomes weak. For I = Cr and Mn, the negative magnetic moments increase with the lattice expansion, while for I = Fe, the positive magnetic moment increases.
Calculated Results for Lattice Distortion Effect on 1st-NN Interaction Energies and Magnetism of Impurity-Impurity (II, I = Sc ³ Ge) Pairs
We systematically discuss the distortion effect on 1st-NN II (I = Sc ³ Ge) interaction energies. It has already been shown in Ref. 21 ) that the fundamental features of the phase diagram of FeI alloys, such as segregation, solid solution, and order, being experimentally known, 17) are understood by using the sign and magnitude of II interaction energies without the lattice distortion effect. In the present calculations, the lattice distortion up to the 2nd-NN host atoms is taken into account, as discussed in Sect. 2. It is noted that the lattice distortion effect on the interaction energy is a distortion-energy difference between two (initial and final) states of two impurities, as discussed in Sect. 2. Figure 6 and Table 2 show the calculated results with and without the lattice distortion effect. The changes in the II interatomic distances are also listed in Table 2 . It is obvious that the lattice distortion effect on the II interaction energies is very low (<0.02 eV) for I = Cr ³ Zn with a small sizemisfit, but it becomes high for I = Sc ³ V, Ga, and Ge with a large size-misfit, although it does not change the sign of interaction energies (distinction between attraction and repulsion). We can expect that the chemical trend for atomic sizes of the impurities is similar to that of equilibrium lattice parameters of metals in the bcc structure, as shown in Fig. 5 . Thus, the fundamental feature of the present results may be easily understood because the equilibrium lattice parameters of Sc ³ V, Ga, and Ge are very large compared to that of Fe. The long II (I = Sc ³ V, Ga, Ge) interatomic distances, being listed in Table 2 , may be mainly due to the large atomic size of the impurities. The significant repulsion of II (I = Sc ³ V) may be understood by considering the breakup of two strong dd (FeI) bonds. It is noted that the II interaction energy is defined as the total-energy difference due to the creation of two bonds (II and FeFe) and the breaking of two bonds (FeI). 21) The strength of the ddbond for I = Sc ³ Cu may be understood by the band filling of the 3d electrons.
2932) On the other hand, the significant repulsion of II (I = Ga and Ge) may be partly due to the breaking of the strong spd (FeI) bonds. We now discuss the magnetism of the impurity pairs in bcc-Fe. The magnetic moments of II (I = Sc ³ Ge) pairs as well as those of the single impurities are shown in Fig. 7 . As discussed in Sect. 3.2, the antiferromagnetic (↓) coupling to the bulk magnetization of Fe (↑) is stable for the early 3d-transition metals (Sc ³ Mn), while the ferromagnetic (↑) coupling is stable for the late 3d-transition metals (Fe ³ Cu). For two identical impurities in Fe, the ferromagnetic coupling (↓↓) between two impurities, antiparallel to the bulk magnetization of Fe (↑), is stable for I = Sc ³ Cr, while the ferromagnetic coupling (↑↑) between two impurities, parallel to the bulk magnetization of Fe (↑), is stable for I = Fe ³ Cu. The change in the magnetic moments, due to the pairing, is very small except for I = Cr and Mn. It is noted that the change in the magnetic moments of Mn is very large. For the MnMn pair, we can obtain two solutions for the magnetism of the 1st-and 2nd-NN interactions (antiferromagnetic (↑↓) and ferromagnetic (↓↓) couplings between two Mn impurities in the bulk magnetization of Fe (↑)), as shown in Fig. 8 . Figure 8 shows the distance dependence of MnMn interaction energies. The distance behavior is very complicated compared to that of the MnMn interaction energies in Al. 27) According to our calculations, the antiferromagnetic coupling (↑↓) between two Mn impurities is stable by 0.076 eV (0.026 eV) for the 1st (2nd)-NN interaction compared to the ferromagnetic coupling (↓↓) between two Mn impurities. For the CrCr pair, on the other hand, we obtain only one solution (↓↓) for the magnetism. These results mean that the antiferromagnetic coupling (↑↓) between two Mn impurities is much stronger than that of FeMn pair. It is also noted that the lattice distortion effect on II (I = Cr, Mn) interaction energies is as low as 0.021 and 0.022 eV for the 1st-NN CrCr (↓↓) and MnMn (↑↓) pairs, respectively, as shown in Fig. 6 and listed in Table 2 .
Calculated Results for Lattice Distortion Effect on
1st-NN Interaction Energies and Magnetism of Impurity-Sn (ISn, I = Sc ³ Ge) Pairs in Fe
We systematically discuss the calculated results for the lattice distortion effect on 1st-NN ISn (I = Sc ³ Ge) interaction energies in Fe. It has already been shown in Ref. 21 ) that the chemical trend of the experimental results 17) is reproduced very well by the calculations neglecting the lattice distortion effect. In the present calculations, the lattice distortion up to the 2nd-NN host atoms around two impurities is taken in to account, as discussed in Sect. 2. It is noted that the lattice distortion effect on the interaction energy is a distortion-energy difference between two (initial and final) states of two impurities, as discussed in Sect. 2. Figure 9 and Table 3 show the calculated results for the ISn interaction energies, with and without the lattice distortion effect. We find that we can improve the agreement with the experimental results, by taking into account the lattice distortion. The changes in interatomic distances of ISn pairs are also listed in Table 3 . It is obvious that the lattice distortion effect is very high for the interaction energies of ISn (I = Sc ³ V, Ga, Ge) pairs with large atomic sizes, although it does not change the sign of the interaction energies (distinction between repulsion and attraction). The large relaxation for ISn pairs may be mainly due to the large atomic sizes of the impurities compared to that of the host atom, as discussed in Sect. 4.
It is important to explain why the lattice distortion effect on ISn (I = Co ³ Cu) interaction energy becomes small, although the lattice distortion caused by a Sn impurity is very high (expansion of 3.4% and lattice distortion energy of ¹0.538 eV), as shown in Fig. 10 . Based on a chemical bond picture, the interaction energy of ISn is defined by the totalenergy difference due to the atomic rearrangement where the 14) The calculated results for the 1st-and 2nd-NN interaction energies without the lattice distortion effect are also shown for comparison. Table 3 Calculated interaction energies of the 1st-NN ISn (I = Sc ³ Ge) pairs in Fe with and without the lattice distortion effect, and the available experimental PAC results (in eV), 14) and the calculated results for the 2nd-NN ISn interaction energies without the lattice distortion effect. The changes in the ISn interatomic distances (in parentheses) are also listed (in %). 21) Among the four bonds, the lattice distortion is very low for IFe (I = Mn ³ Cu) bonds as shown in Fig. 3 and Table 1 because the atomic sizes of impurities I are almost the same as that of the Fe host atom, shown in Fig. 5 . The lattice distortion energies of ISn (I = Co ³ Cu) bonds are similar to that of FeSn (¹0.54 eV) bond due to the same reason for IFe and FeFe bonds. For example, the lattice distortion energy for CoSn bond is as high as ¹0.528 eV, being very close to that for FeSn (¹0.538 eV), while it is as low as ¹0.001 eV for CoFe, being very close to that of FeFe (0 eV; no lattice distortion). Thus, the small lattice distortion effect on ISn (I = Co ³ Cu) interaction energies may be understood by considering that the lattice distortion effect for the ISn bonds is cancelled out by that for FeSn bond.
Sc
We now discuss the magnetism of ISn pair. Figure 11 shows the calculated results for the magnetic moments of the ISn (I = Sc ³ Ge) pairs in Fe. For comparison, we show the magnetic moments of single impurities in Fe. We find that the magnetic moments of the Sn and I impurities do not change very much by the pairing of ISn, except for CrSn and Mn Sn pairs. It is noted that the lattice distortion (the change in interatomic distance) is high for CrSn (7.7%) and MnSn (7.0%) pairs (see Table 2 ), and that the magnetic moment of impurity I (Cr, Mn) changes from (¹1.52 and ¹1.61 µ B ) to (¹1.61 and ¹1. 
Summary and Discussion
We systematically and quantitatively studied the lattice distortion effect of substitutional single impurities I (I = Sc ³ Ge, Sn) and substitutional two impurities, II and ISn, in bcc-Fe.
For the single impurities, we showed the calculated results for the lattice distortion around the impurities, the atomic volume changes per impurity, and magnetism of the impurities. The available experimental results for the lattice relaxation around the impurities and the relative atomic volume changes per impurity are reproduced very well by the present ab-initio calculations. We found that the chemical trend for the lattice distortion around the impurities I is almost the same as that of the calculated lattice parameters of metals I in the bcc structure. However, it is noted that the large expansion caused by a Zn impurity, compared to those caused by Ga and Ge impurities, is understood by considering the HF forces on the 5th-NN's. We also showed that the magnetism of single impurities in bcc-Fe is understood by considering the 3d electron numbers per atom. 21, 2932) For II and ISn (I = Sc ³ Ge, Sn = PAC-probe) pairs, we found that the lattice distortion effect on the interaction energies becomes significant for two impurities with a large size-misfit compared to the host atom, but very small for two impurities with a small size-misfit. The lattice distortion effect is lower than 0.02 eV for II (I = Cr ³ Zn). For ISn (I = Mn ³ Zn) pairs, it becomes slightly higher although it is less than 0.05 eV. According to the present calculations, the main part of the large lattice distortion energies of ISn (I = Co ³ Cu) pairs is cancelled out by that of FeSn pair. As a result, the lattice distortion effect on ISn (I = Co ³ Cu) interaction energies becomes low. We also found that we can improve the agreement with the PAC experimental results for the ISn (I = Co ³ Cu) interaction energies by taking into account the lattice distortion. For the magnetism of II pairs, we found that the magnetic moments of the single impurities (I = Sc ³ Ge) do not change very much by the pairing of II, except Mn. For a MnMn pair in bcc-Fe, there are two solutions for magnetism, namely (↑↑) and (↑↓), to the bulk magnetization of Fe (↑). The antiferromagnetic interaction of the 1st-NN MnMn pair is very strong compared to the antiferromagnetic interaction of the FeMn pair. As a result, the (↑↓) state of the MnMn pair is stable by 0.076 eV, compared to the (↓↓) state of the MnMn pair. We also found that the magnetic moments of II and ISn pairs do not change very much by taking into account the lattice distortion, except for ISn (I = Cr, Mn) pairs. It is noted that the large lattice distortion of ISn (I = Cr, Mn) pairs is partly caused by the strong antiferromagnetic interaction of impurities I with the 1st-NN host atom on the opposite site of an Sn impurity, resulting in the significant energy gain of ISn interaction energies. The present results may be important data to construct an accurate model potential for Molecular Dynamics, which are significantly required to study the physical mechanism of the stability of metastable and non-equilibrium structures of complex metals such as quasicrystals and bulk metallic glasses. 33, 34) 
